To study the influence of pile-soil interaction on the seismic behavior of PHC piles, this paper takes the PHC pile in the soft clay as the research object, which is simulated by fiber beam element, and the pile-soil interaction is simulated by using equivalent embedded method and p-y soft clay soil spring which is under cyclic load, respectively. The seismic behavior index of pile foundation under limit state is obtained through applying the horizontal cyclic load on the pile top. The research shows that, with the different depth of pile, the hysteretic energy dissipation index and the displacement ductility factor obtained by the equivalent embedded model are about 2.2~2.5 times and 1.1~1.4 times of the p-y curve model respectively. While the yield strength and ultimate strength obtained by the p-y curve model are larger than those obtained by equivalent embedded method.
Introduction
As one of the most commonly used structure types in harbor engineering, the high-pile wharf mainly uses the piles embedded in the foundation to bear the horizontal and vertical load. In order to consider the characteristics of pile-soil interaction and simplify the calculation, the p-y curve method and the equivalent embedded method are used to simulate the pile-soil interaction effect according to Chinese standard for pile foundation of harbor engineering [1] . The equivalent embedded method assumes that the pile foundation is embedded at a certain depth under the mud surface. The pile below the embedded point is not considered in the calculation, which is similar to the rigid foundation in the building structure. In the p-y curve method, the pile-soil interaction is equivalent to a series of soil springs and the change of soil ultimate resistance with the depth of the soil and the nonlinear relationship between soil resistance and pile deflection can be taken into consideration, which has high precision while simulating the pile-soil interaction. Despite of the simplicity and convenience of equivalent embedded method in the engineering design, the calculation formula of the equivalent embedded point is based on the premise that only elastic deformation occurs in the pile foundation. When the deformation of the soil is large and plastic deformation occurs in the pile foundation, the seismic performance of pile foundation and the accuracy of calculating seismic performance indexes by using the equivalent embedded model to simulate the pile-soil interaction should be further studied.
Based on the needs of research on the seismic damage model of pile foundation considering pile-soil interaction, this paper compares and analyzes the seismic performance indexes of PHC pipe piles in the condition of ultimate damage under horizontal cyclic load by using equivalent embedded method and p-y curve method to simulate pile-soil interaction, respectively. Besides, the reasonable calculation method of seismic behavior of PHC pipe piles considering pile-soil interaction is also discussed.
Finite element model
Fiber beam element. The B21 beam element in ABAQUS is used to simulate PHC pipe piles and thick-walled pipes is selected as cross section form of beam element. The beam elements of the protective layer concrete and the core concrete are established by the common node method. According to the actual position of the prestressed steel bar, the keyword rebar is used to insert the steel bar into the core concrete part of the beam element section. The initial tensile stress is applied to the longitudinal reinforcement of the pipe piles through the keyword initial condition. Considering the prestress loss, the initial tensile stress of the prestressed steel bar is calculated according to the Chinese Standard "Pre-tensioned prestressed concrete pipe pile" (GB13476-2009) [2] . The UCONCRETE01 and USTEEL02 constitutive model in the pq-fiber subroutine [3] programmed by Tsinghua University is used as concrete and prestressed longitudinal reinforcement constitutive model, respectively. The fiber point partition of beam section and the layout of prestressed bar are shown in Figure 1 . Fig.1 . Fiber point partition graph of PHC pipe pile section, (a) PHC pipe pile; (b) concrete core; (c) protective layer concrete Calculating model. The equivalent embedded method and the soft clay p-y soil spring under cyclic load are used to simulate the pile-soil interaction, respectively. The embedded depth of the pile foundation is calculated according to the literature [1] in the equivalent embedded method. The soil spring function is realized by the connection unit connector, which is arranged every 0.5m below the mud surface. One end of the soil spring is connected with the pile body and the other is fixed. The specific parameters of soil spring are calculated according to method in the literature [4] . Considering the constraints of the pile cap on the pile top as well as the bearing layer on the pile bottom in the high pile wharf structure, the rotation degree of freedom of the pile top and the vertical degree of freedom of the pile bottom are constrained. Vertical axis force and horizontal displacement are loaded at the top of the pile to simulate the effect of axis pressure and horizontal seismic load, respectively. The finite element analysis models of PHC pipe piles with above two methods are shown in Figure 2 The concrete strength grade of PHC pipe pile is C80. The grade 35 ductile and low relaxation spiral groove steel bars used in prestressed concrete are used as prestressed steel bar, with a tensile strength of not less than 1420MPa, which are evenly arranged along pipe pile circumference. The elastic modulus E 0 , yield strength f y and hardening rigidity coefficient α of the prestressed steel bar is 200 GPa, 1420 MPa and 0.001, respectively. The relevant parameters of the protective layer and core concrete are calculated according to the rule of Literature [5] . The axial compressive strength f c0 , peak compressive strain ε c0 and ultimate compressive strain ε cu of protective layer concrete are 50MPa, 0.002 and 0.005, respectively. The axial compressive strength f c0 , peak compressive strain ε c0 , ultimate compressive strength f u and ultimate compressive strain ε cu of core concrete are 55MPa, 0.003, 13MPa and 0.008, respectively.
Results and discussion
Calculating parameters. The type C PHC pipe pile with diameter of 800mm is taken as the research object [6] , and the relevant parameters are shown in Table 1 . The length of pile is 25m and axial pressure ratio on pile top is 0.1. The undrained shear strength of the soil is 20kPa. The depth of the pile into the soil is 14m, 17m, 20m and 23m, respectively.
Tab.1. The parameters of PHC pipe pile Loading mode. According to the provisions of the literature [7] , the displacement loading system was adopted for the loading system in calculation. When the horizontal bearing capacity of the pile top under a certain displacement loading was less than 85% of the maximum horizontal bearing capacity of the pile top, the loading was stopped. In the calculation, the horizontal bearing capacity of the pile top corresponding to each displacement loading was obtained by extracting the horizontal force of the pile top.
The analysis of calculation results. According to different embedded depths of pile foundation, the load-displacement hysteretic relationship curves of pile top were obtained by using p-y curve method and equivalent embedded method respectively, as is shown from Figure 4 to figure 7. Figures from 4 to 7 show that the hysteretic curves obtained by p-y curve method and equivalent embedded method were both arcuate hysteretic curves, however, compared with that of p-y curve method, the pinching degree of the hysteretic curves of equivalent embedded method was relatively smaller and the shape was more full. The ultimate displacement of pile foundation was larger when the embedded depth of pile foundation was shallow, and with the deepening of the embedded depth, the difference between the two ultimate displacements was reduced.
(a)hysteretic curve of p-y curve method (b)hysteretic curve of equivalent embedded method Fig.4 Comparison of hysteresis curves of pile with embedded depth of 23m According to different embedded depths of pile foundation, the cumulative hysteretic energy dissipation and the characteristic displacement calculated by p-y curve method and equivalent embedded method respectively are shown in table 2. It can be seen from the table that, when the embedded depths of pile were same, the cumulative hysteretic energy dissipation that obtained by equivalent embedded method was far greater than that by p-y curve method; with the increase of the embedded depth of pile foundation, the energy dissipation capacity of pile foundation obtained by the two methods were both enhanced. When the embedded depth of pile foundation were 14m, 17m, 20m, 23m respectively, the cumulative hysteretic energy dissipation obtained by equivalent embedded method was about 2.2~2.5 times of that by p-y curve method. As is shown in Table 2 , with the increase of the embedded depth of pile foundation, the yield displacement and the ultimate displacement obtained by the two methods were both reduced, while the displacement ductility factors were both increased; For the same depth, the displacement ductility factor obtained by equivalent embedded method was greater than that by p-y curve method. When the embedded depth of pile foundation were 14m, 17m, 20m, 23m, the displacement ductility factors obtained by equivalent embedded method were increased by 36.9%, 18.1%, 6.5%, 15.3% respectively than those by p-y curve method, the displacement ductility factor by equivalent embedded method was about 1.1~1.4 times of that by p-y curve method.
Conclusion
In this paper, the equivalent embedded model and the p-y curve soil spring were used to simulate the pile-soil interaction, and the relevant seismic performance index of PHC pipe piles was obtained by applying cyclic load to them. The main conclusions are as follows:
(1) Compared with that by p-y curve method, the hysteresis curve obtained by equivalent embedded method was fuller, and the cumulative hysteretic energy dissipation by the two methods differenced a lot: with the increase of the embedded depth of pile foundation, the cumulative hysteretic energy dissipation index obtained by equivalent embedded model was about 2.2~2.5 times of that by p-y curve model.
(2) The pile displacement ductility factors by the two methods were both increased with the increase of the embedded depth of pile foundation; with different depths, the displacement ductility factor obtained by equivalent embedded method was about 1.1~1.4 times of that by p-y curve method.
(3) With the increase of the embedded depth of pile foundation, the yield strength and the ultimate strength of pile foundation obtained by the two methods were both increased. Under the same embedded depth of pile foundation, the yield strength and the ultimate strength of pile foundation obtained by p-y curve method were higher, while the differences were small.
It can be indicated that in the study of seismic performance of PHC pipe pile, the seismic performance index obtained by equivalent embedded model differs a lot to that by p-y curve model, thus it is necessary to adopt more reasonable pile-soil interaction model for the analysis of seismic performance indexes of PHC pipe piles.
